We propose a concrete mechanism in terms of spontaneous symmetry breaking to describe the effect of phase fluctuations in underdoped cuprates. Decomposing the phase of the order parameter into longitudinal and transverse components, it is found that the longitudinal component can be eliminated by a special gauge transformation and does not affect the physics, which gives a clear explanation of the *
Spontaneous symmetry breaking, which occurs when an invariance of the Hamiltonian of a physics system is not an invariance of its ground state, is one of the most important concepts in modern physics [1, 2] . The first physical theory that exhibits spontaneous symmetry breaking is the brilliant BardeenCooper-Schrieffer (BCS) theory [3, 4] of conventional superconductors. The BCS action is invariant under the U(1) global transformation c kσ −→ e iω c kσ ,
where c kσ is the annihilation operator of an electron with momentum k and spin σ and ω is an arbitrary constant, while in the superconducting state the nonvanishing vacuum expectation value c k↑ c −k↓ caused by Cooper pairing breaks this symmetry. It is argued [2, 5] that the symmetry breaking itself is sufficient to derive the most striking characteristics of superconductivity, i.e. Meissner effect, flux quantization and zero resistivity, although detailed dynamical theories are unavoidable in explainning quantitatively the experimental data including why and when the symmetry breaking happens. In 1963, Anderson [6] made a key observation that in a superconductor when there is long-range electromagnetic force the gapless Goldstone mode arising from the breaking of U(1) gauge invariance disappears from the theory and the photon acquires a finite mass, which is the manifestation of the Meissner effect. This mechanism was latter introduced by Higgs [7] to relativistic quantum field theory and is generally called Anderson-Higgs mechanism. However, the unexpected discovery of high-T c cuprate superconductors, which exhibit a great many anomalous properties comparing with the conventional metals [8] , throws severe doubt upon the whole picture. In particular, numerous experiments [9] on the underdoped cuprates provide strong evidence that a pseudogap exists at temperatures between T c and a characteristic temperature T * which is much higher than T c . Remarkably, having the same k-dependence as the superconducting gap as shown by angle-resolved photoemission spectroscopy (ARPES), the pseudogap appears to evolves smoothly through T c accompanying the loss of superconductivity as indicated by transport measurements. We begin our discussion with an effective Ginsburg-Landau model
where the complex scalar field φ is the order parameter and
is the covariant derivative. Here m is the effective mass of an electron.
The electromagnetic field tensor F µν ≡ ∂ µ A ν − ∂ ν A µ as usual. For α > 0 the system stays in its symmetric phase and for α < 0 vacuum degeneracy and symmetry breaking take place, while the coefficient β is always positive according to the Landau phase transition theory.
The Lagrangian (2) is invariant under the local U(1) gauge transformation
where ω (x) is an arbitrary coordinate-dependent function.
In the symmetry breaking case, the ground state occurs at
Expanding the Lagrangian (2) around this ground state, we write the scalar field as
where η (x) and θ (x) are the amplitude and phase fluctuations of the order parameter, respectively.
For conventional superconductors the phase fluctuations are not important and hence phase coherence and paring happen at the same time. However, the cuprate superconductors are quite different from the conventional superconductors in that they are doped Mott insulators which have low superconducting carrier density [10] . As a consequence, the phase stiffness of the order parameter is relatively small indicating a significant effect of phase fluctuations on the various physical properties. To avoid complexity, we consider only classical phase fluctuations assuming that other fluctuations are unimportant, which is shown by Emery and Kivelson [15] to be a good approximation. Above the BKT transition temperature T BKT (one can identify it as the superconducting critical temperature), single vortex begins to appear [16] and the superconducting long-range order is destroyed by the free vortices. Around a vortex, which is a topological excitation of the superconducting current, the phase angle of the order parameter changes by 2nπ with n an arbitrary integer. As a consequence, the phase θ (x) can generally be decomposed into two parts [16] 
with θ s the analytic spin wave Substituting the expression (6) into the Lagrangian (2), we get
where
In the superconducting state, the phase field θ (x) of the order parameter, which enters the Lagrangian only through its gradient form, represents the gapless Goldstone boson arising from symmetry breaking. Taking advantage of the gauge invariance, we may adopt a special unitary gauge to remove the phase field θ (x) from the theory. In particular, letting
we have
Since the phase field θ (x) is analytic and ∂ µ ∂ ν θ − ∂ ν ∂ µ θ = 0, the first term of (10) can be written as the original form 1 4 F µν F µν . Now we see that the Goldstone mode disappears and does not affect the physical properties and the photon becomes massive which is interpreted as the Meissner effect [17] .
On the contrary, in the pseudogap region the phase field θ (x) is not an analytic function and ∂ µ ∂ ν θ − ∂ ν ∂ µ θ = 0. Therefore, the phase of the order parameter can not be eliminated from the theory completely due to the effect of vortices, even if when gauge field is introduced to the action.
However, using equation (7) and the fact that the longitudinal and transverse components of the phase are independent physical quantities we can make the following special gauge transformation
Then we have
or From the Lagrangian (13) we derive the equations for A and θ v (neglecting the fluctuations of the amplitude η around the ground state) as follows
where µ = −αe 2 /mβ and ζ = αe/mβ. Since θ v is the transverse component, ∇ 2 θ v = 0, we get the Coulomb gauge ∇ · A =0. Then the equation (14) becomes
which without the inhomogeneous term is just the London equation for the massive photon in a superconductor.
In the case of a singly quantized vortex, the curl of the transverse component can be written as
whereẑ is a unit vector perpendicular to the plane. Using
we obtain the equation for magnetic field
which is the same as the London equation in the presence of one isolated Abrikosov vortex line [3] in type-II superconductors.
When the inhomogeneous term in the right-hand side of (19) is 
